Two novel reduced dimensionality (RD) proteins. The experiments -like any other experiment that yields protein assignments-would be extremely valuable for protein folding and drug discovery programs as well.
Abstract:
Two novel reduced dimensionality (RD) experiments (4, 15 N shift degeneracy. Additionally, each of these experiments enables assignment of backbone 13 C′/ 13 C  resonances as well. Overall, the reduced dimensionality tailored HN(C)N experiments presented here will be of immense value for various structural and functional proteomics studies by NMR;
particularly of intrinsically/partially unstructured proteins and medium sized (MW~12-15 kDa) folded proteins. The experiments -like any other experiment that yields protein assignments-would be extremely valuable for protein folding and drug discovery programs as well.
Introduction:
Backbone amide assignment forms the basis for variety of structural and functional proteomics studies by NMR. Likewise in modern drug discovery research programs, the accurate assignment of 1 H-15 N HSQC spectra of target proteins is extremely crucial where backbone amide ( 1 H and 15 N) shift perturbations are used for screening the potential drug candidates [1] . However, the currently available strategies [2] [3] [4] based on standard multidimensional NMR experiments [4] e.g. HNCA/ HN(CO)CA [5, 6] , HN(CA)CO/HNCO [7] , and CBCANH [8] /CBCACONH [9]  are highly time consuming both in terms of data acquisition and data analysis. Most of these strategies involve recording of several 3D spectra and extensive analysis; therefore are neither ideally suited for high-throughput structural and functional proteomics studies by NMR nor for modern drug discovery research programs. Further, the established assignment strategies -where sequential connectivities between the neighboring residues are established using correlated aliphatic 13 C  and carbonyl 13 C' chemical shifts [2, 3] -require repeated scanning through the 15 N planes of the 3D spectra to search for the matching correlation peaks along the carbon dimension.
Therefore, backbone assignment based on these conventional NMR experiments has remained relatively a slow and arduous process requiring an enormous investment of time and hard-work, particularly in cases when the proteins are intrinsically/partially unstructured or are denatured for various folding/unfolding studies by NMR. In all such cases, unambiguous and rapid identification of sequential HSQC peaks (using these NMR spectra) remains the important rate-limiting step in the resonance assignment process.
In the above context, the pulse sequences proposed earlier for identifying direct sequential correlations between amide ( 1 H and 15 N) chemical shifts of one residue with those of its adjacent neighbors can be very useful [10] [11] [12] . However, the strategies based on some of these experiments involve the use two 3D experiments which not only elaborate the analysis, but sometimes may lead to complications due to inter-spectral variations of chemical shifts (a problem common in proteins which are unstable in solution).
Interestingly, the HN(C)N experiment proposed earlier [13] and based on novel assignment protocol [14] can be extremely useful in this regard i.e. for rapid sequence specific assignment of backbone H N and 15 N resonances in ( 15 N, 13 C) labeled proteins. The protocol exploits the directly observable amide H N and 15 N sequential correlations and the distinctive peak patterns in the different planes of the HN(C)N spectrum; the self (intra-residue) and sequential (inter-residue) correlations appear opposite in peak sign (+ and -) and thus can be easily identified without involving any additional complementary experiment. Glycines and prolines, which are responsible for special patterns, provide many check/start points for mapping the stretches of sequentially connected amide cross-peaks on to the primary sequence for assigning them sequence specifically. Overall, the elegant spectral features of HN(C)N enable rapid data analysis and render side chain assignments less crucial for the success of backbone amide assignment. Recently, this novel protocol has also been automated by our group and the algorithm has been given the name AUTOBA [15] . However for a given protein, the success of HN(C)N based assignment protocol depends critically on the dispersion of peaks in its 1 H-15 N HSQC spectrum. Overlap of peaks in this spectrum can lead to cancellation of + and -intensities in the HN(C)N spectrum [14] . This happens under two circumstances:
first, when the 15 N chemical shifts of neighboring residues are too close and second, when the diagonals having + and -intensities have accidentally close 15 N chemical shifts [14] . In such a situation, the sequential peaks can be absent (because of opposite sign and higher intensity of self peaks in the spectrum) and assignment process may break or may be wrongly considered as proline break point. The situation arises mainly because of the fact that both the indirect dimensions in the HN(C)N spectrum involve 15 N chemical shifts.
In this backdrop, two novel reduced dimensionality experiments (4,3)D-hNCOcaNH and (4,3)DhNcoCANH have been presented here to augment the novel HN(C)N based backbone assignment protocol further, particularly, for protein systems which exhibit high-degree of amide 15 N shift degeneracy. These experiments are a result of a simple modification of the basic HN(C)N pulse sequence [13] and differ in the way the t1 evolution is handled according to reduced dimensionality NMR approach [16, 17] . The purpose of current modification is to improve the dispersion and resolution of HN(C)N spectrum mainly to resolve the problems arising because of amide 15 N shift degeneracy. This has been achieved by joint sampling the backbone 15 Ni chemical shift with the backbone 13 C Figure   S1 (Appendix I of Supplementary Material). As evident from Figure S1 , the particular advantage with these new experiments is the dispersion of peaks in the sum and difference frequency regions which can be different; thus facilitates the analysis of the spectrum by simultaneously connecting ( 15 N+ 13 C) and ( 15 N+ 13 C) correlations (here 13 C represents backbone 13 C' or 13 C  chemical shift of sequential i-1 residue). However, the only limitation of the method can be long experiment time requirement in order to achieve sufficient resolution along co-evolved NC dimension where spectral width may range from 2 to 3 times the original 15 N spectral width. Thus for identical resolution, the total experiment time in each case will be almost two-three times to that of the basic HN(C)N experiment.
However, for proteins with high shift degeneracy, the benefit incurred in terms of increased spectral resolution and dispersion becomes more crucial compared to the increased total experiment time.
Nevertheless, the longer experiment time problem can be circumvented by using non-uniform (sparse) sampling along indirectly detected dimensions [18] ; thus making NMR data acquisition fast. Since the experiments proposed here does not involve aliphatic protons, the overall experiment time can be reduced further by modifying these experiments according to either BEST NMR [19] or L-optimization [20] approaches which allow rapid data collection of NMR spectra via minimizing the inter-scan recycle delay without loss of sensitivity. Rapid data collection generally becomes a crucial issue whenever the protein under investigation is unstable in solution; the protein either precipitates or degrades inside the NMR sample tube in matter of days. The other disadvantage associated with the experiments presented here is their slightly reduced sensitivity compared to the basic HN(C)N experiment. The sensitivity will be lower (a) by a factor of 2 with respect to the basic HN(C)N experiment and (b) by a factor of 2 compared to an alternative 4D experiment with separate frequency labeling (e.g. like 4D-hNCOCANH). However with the currently available higher magnetic fields and efficient cryo-probes offering higher signal to noise ratio, the sensitivity of the experiment will not be a serious issue and both these experiments can be successfully applied on higher (< 15 kDa) molecular weight proteins; particularly the intrinsically unstructured or chemically denatured proteins where the inherent backbone flexibility renders increased sensitivity of the experiment [21, 22] . Further, both these experiments provide easy identification of self and sequential correlation peaks because of their opposite signs; these are readily amenable to be exploited in automated assignment algorithms like any other set of NMR experiments that yield protein assignments in an automated manner [21] . Performance of these experiments has been tested and demonstrated here on two folded proteins -bovine apo calbindin-d9k (Ca 2+ free apo form) and human ubiquitin-and on a highly disordered protein UNC60B denatured in 8M urea.
Materials and Methods:
The pulses [23] were used for band selective excitation and inversion along the 13 C channel. The 13 C carrier frequencies for pulses in 13 C  and 13 C' channel were set at 54.0 ppm and 174 ppm, respectively. WATERGATE scheme [24] is used to suppress the water signal. Water saturation is minimized by keeping water magnetization along the z-axis during acquisition with the use of water selective 90ᵒ pulses [25] . The NMR data was processed using Topspin (BRUKER, http://www.bruker.com/) and analyzed using CARA [26] . A point to be mentioned here is that though the experiments have been carried out at 800 MHz, the high magnetic fields can be detrimental for the sensitivity of these experiments. This is because of the fact that the transverse relaxation rate of the carbonyl carbons is dominated by the chemical shift anisotropy mechanism [27] and both these experiments involve substantially long delays with transverse carbonyl carbon magnetization required for the 13 C'⟶ 13 C  transfers (Fig. 1A and 1B) .
Results and Discussion:
Description of Pulse sequences HN(C)N experiment described earlier [13] and differ in the way the t1 evolution is handled according to reduced dimensionality (RD) NMR [16, 17] . In case of (4,3)D-hNCOcaNH experiment, the t1 evolution period involves co-evolution of backbone 15 Ni and 13 C'i-1 chemical shifts (Fig. 1A and 1C) ; while in case of (4,3)DhNcoCANH experiment, the t1 evolution involves co-evolution of backbone 15 Ni and 13 C  i-1 chemical shifts (Fig. 1B and 1D ). Each experiment leads to the spectrum equivalent to basic HN(C)N spectrum, but with higher chemical shift dispersion and randomness along the F1 axis, referred here as NC dimension.
Therefore, the transfer efficiency functions which dictate the intensities of self and sequential correlation peaks in their respective spectra would be the same as those in the HN(C)N spectrum described previously [13, 28, 29] . Therefore, only the distinguishing features of these spectra have been presented here. As shown schematically in Figure 2 , the peaks appear at the following coordinates in their respective spectra:
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Facile Identification of Sequential Amide-Cross Peaks:
Like basic HN(C)N experiment, the beneficial feature of reduced dimensionality HN(C)N experiments presented here is that they provide rapid identification of sequential HSQC peaks through dimension. Further, a particular advantage is that there are two different sets of sequential correlations i.e. 15 N + (up-field domain) and 15 N  (down-field domain). Thus, any ambiguity in the identification of (i → i+1)
sequential correlation using up-field set of peaks can be resolved using down-field set of peaks and vice versa.
A point to be mentioned here is that the separation between sum and difference frequencies (i.e. 15 N  and 15 N  ) in the final spectra of (4,3)D-hNCOcaNH and (4,3)D-hNcoCANH experiments has been achieved by keeping the offsets of 13 C channel at 70 and 188 ppm, respectively. In order to achieve this separation between the addition and subtraction frequencies (i.e. 15 N  and 15 N  ), one should be careful about (i) the spectral width used along the co-evolved dimension and (ii) the offset frequencies used along 13 C channel. The combined analysis of average 13 C  and 13 C' chemical shifts of all the amino acids ( Fig. 1; data taken from BMRB) and the Eqns 1 and 2 revealed that for a given protein the two frequency regions (i.e. 15 N  and 15 N  ) will be separated from each other (i) if the 13 C carrier is kept 1-2 ppm away from the most down fielded shifted 13 C chemical shift; this is typically close to ~188 and ~70 ppm, respectively, for 13 C' channel [in case of (4,3)D-hNCOcaNH] and for 13 C  channel [in case of (4,3)D-hNcoCANH] and (ii) the spectral width along the co-evolved F1(NC) dimension is increased accordingly; typically close to ~80 and ~150 ppm, respectively, for (4,3)D-hNCOcaNH and (4,3)D-hNcoCANH spectra. Frequency selection along all the indirect dimensions has been done by States-TPPI method [30] (in the coupled N-C dimension, quadrature detection is performed only for the 15 N) and the data is acquired in a way that it is processed using normal Fourier Transformation (for detail see this reference [31] ).
Overall, the true sequential HSQC peak (Hi+1,Ni+1) will be of opposite sign on both the 1 H-15 N planes of spectrum at F1= using the F1-F3 strips from (4,3)D-hNcoCANH spectrum of unfolded UNC60B. Like HN(C)N, the remarkable feature of these RD HN(C)N spectra is that they provide easy discrimination between self and sequential correlation peaks because of their opposite peak signs and thus no other complementary experiment is required for discriminating them. The other advantage of the protocol is that it does not involve cumbersome search through various F2 planes of the 3D spectrum for matching the frequencies along the F1 dimension. Rather, a sequential i to i1 connectivity between two HSQC peaks can be established unambiguously on the F2( 15 N)-F3( 1 H) planes of spectrum at 4B) . The process has been demonstrated experimentally in Fig. 3 using F2( 15 N)-F3( 1 H) planes of (4,3)D-hNcoCANH spectrum of 8M urea denatured UNC60B for residues Thr36-Val39. After establishing all the possible i → i+1
connectivities, the stretches of sequentially connected HSQC peaks are then mapped on to the primary sequence for assigning them sequence specifically. For this, the strategy makes use of triplet specific peak patterns present in these spectra as described in Appendix III and Figure S2 (Supplementary material). As evident from the figure, these are the glycines and prolines which are responsible for special patterns of self and sequential correlation peaks. These special patterns provide identification of certain specific triplet sequences and thus serve as check points for mapping the stretches of sequentially connected HSQC peaks on to the primary sequence for final assignment. The process has been illustrated schematically in Fig. 4C .
A point to be mentioned here is that like the basic HN(C)N, these experiments can also be modified to generate additional amino-acid specific (i.e. alanines and serines/threonines specific) patterns of self and sequential correlation peaks and hence enable identification of additional triplets of residues [28, 29] . This becomes important in those cases when the protein sequence has only a few glycines and prolines and they are far removed along the sequence. As described previously [28, 29] , the additional check points can be generated simply by changing the bandwidth of the 180 inversion pulse on 13 C  channel during the CN evolution period (red encircled pulse, Fig. 2 ). Accordingly the experiment can have three variants: (a) glycine variant (described here in the present paper, (b) alanine variant (which provides identification of triplet stretches containing glycines/alanines and prolines), and (c) serine/threonine variant (which provides identification of triplet stretches containing serines/threonines and prolines). However, to avoid the confusion, the experimental results and the assignment protocol based on the normal experiment have been presented here.
Following the above protocol, the complete sequence specific assignment of backbone ( 1 H, 15 
where 'k' is the scaling factor and is equal to ( 13 C)/ ( 15 N)=2.48. Thus, the single reduced dimensionality HN(C)N experiment provides direction specific sequential assignment walk without involving any complementary experiment. Even the explicit side chain assignment would not be very necessary to decide on the correctness of the sequential assignment because of the large number of various check points that are generally available. The assignment protocol is thus very simple, swift and well suited for automation as well. Indeed, we are in a process to automate the protocol as AUTOBA+ (the updated version of AUTOBA [15] ) which would also be able to handle the orthogonal projection planes of these RD HN(C)N experiments (as shown in Fig S5) for the assignment of well-behaved medium sized (MW ~ 12-15 kDa) folded proteins.
The described sequential assignment walk protocol relies mainly on the presence of sufficient number of check points and moreover these should be well-dispersed all along the sequence. These check points are generally obtained around either glycines or alanines/glycines, or serines/threonines (depending upon the variant of the experiment used). However in case when these residues are far removed along the sequence of polypeptide chain and/or when there are several ambiguous breaks in sequential connectivities due to missing amide cross-peaks (mainly due to conformational line broadening effect), the above sequential assignment walk protocol may fail. Further, in case when a protein exhibits degeneracy in both amide 1 H and 15 N shifts (i.e. when there is overlap of HSQC peaks), the strategy may lead to ambiguities in backbone assignment. In such a case, residue type identifications will help to remove the ambiguity. This is exactly the same deadlock situation encountered here for the assignment of unfolded UNC60B protein (152 residues; MW~17 kDa). 
Advantage over the Basic Experiment in its Application to Unfolded Proteins:
Unfolded proteins (including intrinsically unstructured, partially disordered and proteins tend to precipitate in matter of days. The method will also serve as a valuable NMR assignment tool in drug discovery research programs especially for SAR by NMR (i.e. studying Structure Activity Relations by NMR and is the most commonly used method to verify binding, stoichiometry, and identification of the binding site on the protein targets [32, 33] ). Likewise, the method can also be used to re-establish the lost resonance assignment of proteins upon ligand binding or upon a mutation. Taken together, the experiments presented here will serve as an efficient backbone amide assignment tool for various protein NMR studies.
Acknowledgement:
This represent non-selective 90° and 180° pulse, respectively. Unless indicated, the pulses are applied with phase x . Proton decoupling using the DIPSI-2 decoupling sequence [34] with field strength of 6.3 kHz is applied during most of the t1 ( 15 N/ 13 C) and t2 ( 15 N) evolution periods, and 15 N decoupling using the GARP-1
sequence [35] with the field strength 0.9 kHz is applied during acquisition. Standard Gaussian cascade pulses [23] shape Q3 for 180° inversion/refocusing (filled black and grey; width 200 s) and shape Q5 for 90° excitation (hollow, width 310 s) were used along the carbon channel. The bandwidth of the 13 C  pulses (either for excitation, inversion or refocusing) is adjusted so that they cause minimal excitation of carbonyl carbons and that of 180° 13 C' shaped pulse so that they cause minimal excitation of 13 C  . The blue encircled red pulse on 13 C  channel is crucial for tuning the experiment for generation of different check points in the final spectrum (like glycines/alanines and serines/threonines, for detail see these references [28, 29] ).
Yellow pulses were applied for compensation of off-resonance effects (Bloch-Siegert phase shift) [36] . The values for the individual periods containing t1 evolution of 15 is around 12-15 ms. The phase cycling for the experiment is 1 = 2( x ), 2(-x ); 2 = 3= x , -x ; 4 = 5 = x ; 6 = 4( x ), 4(-x ); and receiver = 2( x ), 4(-x ), 2( x ). The frequency discrimination in 1 t and 2 t has been achieved using States-TPPI phase cycling [30] of 1 and 5, respectively, along with the receiver phase. The gradient (sine-bell shaped; 1 ms) levels are as follows: G1=30%, G2=30%, G3=30%, G4=30%, G5=50%, G6=80% and G7=20% of the maximum strength 53 G/cm in the z-direction. The recovery time after each gradient pulse was 160 s. Before detection, WATERGATE sequence [24] has been employed for better water suppression. A) and (B) , the strategy of establishing the sequential (i to i+1) connectivity has been described using the polypeptide sequence -XYZ-. In (C), the sequential assignment walk procedure through the F1(NC)F3( 1 H) planes of the reduced dimensionality HN(C)N spectra using the triplet specific peak patterns has been shown. An arbitrary amino acid sequence is chosen to illustrate the start, continue, check, and break points during the sequential assignment walk. Squares and circles represent the self (intra-residue) and sequential (inter-residue) peaks, respectively. Red and black represent positive and negative phase of peaks, respectively. The patterns of positive and negative peaks are drawn according to the triplet specific peak patterns contained in this spectrum (as shown in Fig. 4) . The residue identified on the top of each strip identifies the central residue of the triplet. 
Appendix-II

8M urea-denatured states of UNC60B from Caenorhabditis elegans:
The Caenorhabditis elegans UNC60B gene has been cloned into pETNH6 vector (Novagen) using restriction site NcoI and BamHI (in Dr. Ashish Arora's Lab, CDRI Lucknow). The cloning procedure added extra residues at N-terminal including a hexa-histidine tag and TEV-protease site. The clone was overexpressed in BL21 (DE3) strain of E. coli. Conditions for optimal over-expression and purification were standardized. The yield of purified UNC-60B protein was 35 mg/L of culture medium. For isotopic labeling, over-expression of UNC-60B was standardized in minimal media containing 15 N-ammonium sulfate and 13 C-glucose (CIL, MA, USA) as the sole nitrogen and carbon sources, respectively. The purity of the sample was checked on SDS-PAGE. The protein sample was finally concentrated to ~800 µM using a centriconfilter (molecular weight cut off 3K, Amicon). For 8M urea-denatured state of the UNC60B, the concentrated protein (upto 0.8 mM) was exchanged with 50 mM phosphate buffer of pH 6.0 (1 mM EDTA, 50 mM NaCl, 0.1% NaN3, 1 mM DTT, and 8.0 M urea) containing 90% H 2 O and 10% D 2 O. The NMR experiments were started after keeping the solutions for about ~3 h so as to reach equilibrium. *Note: A point to be mentioned here is that the proposed RD experiments require longer time compared to the normal 3D HN(C)N experiment in order to reach the same resolution. This is because of the fact that one has to acquire more data points along the co-evolved F1 dimension where the linear combination of chemical shifts renders increased spectral width (generally two to three times of the primary 15 N spectral width).
Appendix-III Amino Acid Sequence-Dependent Peak Patterns
Like the basic HN(C)N experiment, the self (notion used here for , and ,
( 1 H) plane of the spectrum at F2= 15 Ni (see Fig. S3B ). These special peak patterns -which help in the identification of residues following prolines in the sequence-, provide important stop/break points during the course of the sequential assignment walk and thus facilitates the assignment process further.  . An arbitrary amino acid sequencePZXGYP (covering all the common and special peak patterns) is chosen to illustrate the triplet specific peak patterns in these planes of the spectra. In the sequence, X, Y and Z represent any residue other than glycine and proline. G and P, respectively, represent the glycine and proline residues. Black and red colors represent positive and negative signs, respectively. Squares and circles represent the self and sequential peaks, respectively. (B) Schematic peak patterns in the F1(NC)-F3( 1 H) planes and the corresponding triplet of residues. The patterns involving G serve as start and/or check points during the sequential assignment walk through the spectrum. GGP, which is likely to be less frequent than the others, may serve as a unique start point. The patterns involving P identify break points during a sequential walk and thus they also serve as check points. The pattern, which does not involve a G or a P, is the most common one occurring through the sequential walk. spectra of chicken SH3 domain projected along the F2( 15 N) axis. As described earlier in [3] , the sequential assignment walk can be performed directly on these planes for small to medium sized well folded proteins.
The details will be presented elsewhere. 
